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ABSTRACT 


During  the  initial  period  of  1  September  1954  through  28  February 
1955,  the  redesign  and  modification  of  the  two-inch  variable  Mach  number 
wind  tunnel  has  been  accomplished.  The  Laboratory  vacuum  system  has 
been  expanded  and  extended  to  the  two -inch  tunnel.  A  flow-measuring 
circuit  was  designed  and  installed  to  measure  the  mass  flow  scavenged 
through  the  perforated  plates,  including  the  necessary  instrumentation 
and  a  complete  series  of  flow  measuring  nozzles.  Finally,  a  series 
of  perforated  plates  was  fabricated  to  test  the  effects  of  variables 
such  as  plate  porosity,  plate  length,  hole  size,  and  hole  aspect  ratio. 
The  testing  phase  was  begun,  with  the  first  tests  including  testing 
of  perforated  plates  of  7.03  and  25.6  percent  porosities  at  nominal 
Mach  numbers  of  1.8,  2.8  and  3.8,  and  with  plate  angles  of  attack  of 
1.0  and  2.3  degrees.  The  data  are  presented  in  the  form  of  logarithmic 
plots  showing  the  variation  of  mass  flow  through  the  plate  (in  terms 

v 

of  the  velocity  ratio,  — )  with  the  pressure  drop  across  the  plate 

V«o 

(in  terms  of  the  pressure  ratio,  A_P).  Schlieren  photographs  were 

Q  »o 

made  of 'the  flow  over  a  two-dimensional  double  wedge,  and  the  initial 
analysis  indicates  that  perforated  walls  will  successfully  cancel  shock 
waves  at  supersonic  Mach  numbers. 
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Introduction 


This  report  presents  a  summary  of  the  work  done  at  the  Defense 
Research  Laboratory,  The  University  of  Texas,  Austin,  Texas,  during  the 
period  1  September  195^  through  26  February  1955,  on  "Research  Work:  on 
Supersonic  Wind  Tunnels  to  Investigate  the  Use  of  Perforated  Walls" . 

The  primary  purpose  of  the  research  program  vas  to  investigate  the 
effectiveness  of  shock  wave  cancellation  through  the  use  of  perforated 
wind  tunnel  walls*  This  need  has  been  emphasized  by  the  contemplated 
testing  of  relatively  long  models  In  present  and  proposed  vlnd  tunnels. 
The  cancellation  of  the  reflection  of  the  leading -edge  or  other  undesir¬ 
able  shock  waves  at  the  vlnd  tunnel  vails  is  necessary  in  order  that  rea¬ 
listic  free -flight  aerodynamic  data  be  simulated.  The  shock  reflection 
does  not  exist  under  free -flight  conditions. 

It  Is  not  practicable  to  enlarge  existing  or  proposed  vlnd  tunnel 
Installations;  therefore,  it  is  felt  that  a  method  of  artificial  shock 
wave  cancellation  Is  the  iMedlate  answer,  the  most  direct  approach  being 
the  cancellation  of  shock  waves  by  mass  flow  suction  through  perforated 
walls.  This  method  has  been  used  quite  extensively  and  successfully  In 
high  subsonic,  transonic,  and  low  supersonic  speed  vlnd  tunnels,  and  It  is 
felt  that  this  method  of  shock  cancellation  can  be  carried  over  Into  the 
higher  supersonic  regions.  The  present  study  Is  primarily  concerned  with 
shock  cancellations  In  the  Mach  Humber  range  of  about  1.5  to  3.5. 

Experiments  of  this  general  nature  have  been  conducted  and  reported 
In  Ref.  (l).  The  results  Indicated  that  it  was  possible  to  define  a  per¬ 
forated  plate  In  terms  of  the  relationship: 


where  ^  is  the  measured  static  pressure  drop  across  the  perforated  plate 

^  m 

divided  by  the  free  stream  dynamic  pressure.  The  velocity  ratio  is  determined 
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by  the  aut  flow  eoavenged  through  the  plate,  the  free  stream  density  tad 
air  relocity  and  the  area  of  the  perforated  region  off  the  plate,  i.e., 


The  symbols  are  defined  in  the  section  on  noaesolature. 

The  results  off  the  testa  also  indicated  that  the  exponent,  n,  and 
the  riscous  loss  coefficient,  k,  could  he  determined  for  each  plate  at  each 
Mach  Humber,  l.e.,  the  slope  and  intercept  off  a  logarithmic  plot  off  the 
abore  expression  were  functions  off  the  plate  porosity,  plate  dimensions, 
hole  size  and  shape,  hole  distribution,  and  Mach  fnaiber*  Other  effects 
were  also  indicated  by  variables  such  as  the  ratio  off  hole  else  to  plate 
thickness,  the  angle  off  the  hole  with  respect  to  the  plate  surface,  the 
shape  off  the  hole  inlet,  and  the  surface  condition  off  the  plate. 

Since  results  of  tests  Indicated  that  perforated  platee  were  a 
practical  means  off  cancelling  shock  wares  at  Mach  lumbers  up  to  about 
1.2,  a  program  was  instituted  in  which  the  research  would  he  extended  to 
Mach  Humbera  up  to  3.8. 

The  first  phase  off  the  program  was  designed  to  cower  a  period  off 
six  months  and  was  to  include  the  investigation  off  the  aercdynaaic  charac¬ 
teristics  of  seweral  plates  off  different  perforation  configurations,  with 
and  without  mass  flow  suction  through  the  plates.  Primary  variables  to  bo 
considered  were  Mach  Humber  and  plate  porosity. 

The  first  phase  off  the  work  at  this  Laboratory  has  been  completed. 
This  has  Included  redesign  and  modification  of  the  two-inch  variable  Mach 
Humber  wind  tunnel  including  the  complete  wind  tunnel  circuit  and  related 
equipment.  The  modifications  Included  extension  of  the  Laboratory  vacuum 
system  to  the  two-inch  circuit.  They  also  Included  the  addition  off  two 
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vacuum  pumps  to  the  vacuum  system,  which  was  necessary  in  order  to  maintain 
the  required  pressure  drop,  and  hence  mass  flow,  across  the  perforated  walls 
A  flow  measuring  circuit  was  Installed  to  measure  the  amount  of  mass  flow 
scavenged  through  the  perforated  plates;  the  instrumentation  was  designed 
and  fabricated,  including  a  series  of  flow  measuring  nozzles  designed  accord 
ing  to  ASMS  specifications  of  Ref.  (2).  In  addition,  a  series  of  perforated 
plates  was  fabricated  to  test  the  effeot  of  plate  porosity,  hole  size,  plate 
length,  hole  aspect  ratio,  and  plate  angle  of  attack. 

The  wind  tunnel  was  reworked  to  accommodate  the  perforated  plates 
downstream  of  the  nozzle  flexible  plate.  A  plenum  chamber  was  Installed 
beneath  the  perforated  plate  to  provide  a  relatively  large  volume  at  a 
relatively  low  pressure,  through  which  the  mass  flow  would  be  scavenged. 

The  initial  testing  has  also  been  completed*  Tests  were  conducted 
to  determine  the  effect  of  Mach  Humber,  plate  angle  of  attack  and  plate 
porosity  on  the  mass  flow  characteristics  through  the  plate  perforations. 
These  tests  were  conducted  at  Mach  Humber s  of  1.8,  2.8  and  3. 8  on  plates 
of  7*03  and  25.6$  porosities.  The  plates  were  tested  at  angles  of  attack 
of  0,  1.0  and  2.3  degrees. 
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Description  of  Equipment 

The  tests  vere  conducted  in  the  two-inch  by  two-inch  continuous 
flow  variable  Mach  Humber  wind  tunnel  of  the  Defense  Research  Laboratory 
which  can  provide  Mach  Humber a  in  the  continuously  variable  range  of  about 
1.8  to  3*8.  The  tunnel  normally  operates  at  supply  pressures  of  about 
1*0  psla;  however,  the  operating  supply  pressure  has  been  Increased  to  about 
100  psla  far  some  of  the  tests  on  the  perforated  plates  at  the  high  Mach 
Numbers.  The  wind  tunnel  was  designed  to  provide  far  a  perforated  wall  on 
the  bottom  only. 

The  modified  wind  tunnel  olrcult  is  shown  in  Fig.  1.  Figure  2  is  a 
drawing  showing  the  details  of  the  wind  tunnel  components,  including  the 
plate  actuating  mechanism  and  evacuation  plenum  chamber.  Figure  3  is  a 
photograph  of  the  wind  tunnel  showing  the  bellows  outlet  tube  and  bellows 
assembly,  and  Fig.  1)  is  a  photograph  of  the  wind  tunnel  with  the  side  plate 
removed  showing  Plate  2a  installed  downstream  of  the  nozzle. 

The  perforated  plates  tested  were  two  Inches  wide  and  six  Inches 
long.  They  were  of  7*03  and  25.6  percent  porosities  and  the  perforated 
lengths  were  about  two  inches  long  (one  test  section  height).  The  hole 
size  was  0.0595  Inches  In  diameter  and  the  plate  thickness  was  0.063  inches 
for  both  plates.  The  holes  were  drilled  and  the  top  surfaces  were  smoothed 
over  after  drilling.  Figures  5  and  6  are  photographs  of  the  plates  that 
have  been  fabricated  to  date.  Plate  2a  was  in  the  wind  tunnel  and  hence 
la  not  Included  in  Fig.  5*  The  physical  characteristics  of  the  plates 
are  described  in  detail  in  Table  I. 

The  mass  flow  through  the  perforated  plates  was  determined  by  a 
series  of  flow  measuring  nozzles.  The  static  pressure  across  the  nozzle 
was  measured  by  a  U-tube  filled  with  silicone  oil  of  specific  gravity  of 
about  0.95  and  the  temperature  was  measured  by  a  laboratory  thermometer 
Inserted  a  safe  distance  upstream  of  the  nozzle.  Figure  7  is  a  photograph 
of  the  flow  measuring  nozzles;  a  0.75-inch  nozzle  was  also  fabricated  but 
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vas  in  the  circuit  when  the  photograph  was  made,  hence  is  not  included  in 
the  figure.  The  flow  measuring  instrumentation  is  shown  in  the  foreground 
of  Fig.  1. 

The  pressure  drop  across  the  perforated  plate  was  provided  by  the 
laboratory  vacuum  system  whose  capacity  was  increased  for  this  series  of 
tests.  A  photograph  of  the  pumping  system  is  shown  in  Fig.  8,  and  a 
curve  showing  the  approximate  operating  characteristics  of  the  system  is 
included  in  Fig.  9*  The  pressure  drop  across  the  plate  was  measured  by 
using  the  average  free-stfeam  side  wall  static  pressures  measured  at 
several  stations  along  the  length  of  the  perforated  plate  and  the  static 
pressure  in  the  evacuation  plenum  chamber.  The  pressures  were  measured 
by  means  of  a  fifty-tube  mercury  manometer  board. 

A  perforated  plate  has  been  designed  and  built  with  static  pressure 
taps  installed  directly  in  the  plate;  this  will  provide  a  comparison 
between  side -wall  static  pressures  and  static  pressures  directly  over  the 
plate. 
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Result!  and  Discussion 

The  irark  during  the  Initial  slx-eooth  period  of  this  research  pro* 
gran  has  Included  primarily  the  design,  modification,  fabrication  and. 
calibration  of  the  wind  tunnel,  wind  tunnel  elroult,  instrumentation  end 
related  equipment.  It  vu  possible,  however,  to  perfcrn  some  analytical 
studies  and  to  begin  the  testing  phase. 

In  order  to  determine  the  llaltatlens  of  using  a  perforated  plate 
to  cancel  shock  wares  at  relatively  high  Mach  Washers,  the  curves  of 
Tigs*  10  and  11  were  determined.  These  data  shoe,  for  supply  pressures 
of  35  and  50  psla  respectively,  the  maximum  values  of  the  pressure  ratio, 

^  ,  that  are  possible  far  the  Mach  lumber  range  shown  and  for  the  assumed 
plenum  chamber  pressures.  Included  Is  the  value  of  the  absolute  upper 
limit  of  the  pressure  ratio,  computed  assuming  that  the  pressure  In  the 
plenum  cheaper,  pg,  was  sero.  These  date  ware  computed  from  the  relationship: 

dp.  Po“Po 

ro 

Also  shown  in  the  figures  are  curves  of  the  critical  pressure  drop,  (^)  , 

which  is  defined  far  the  critical  pressure  ratio  across  the  plate,  l.e., 

Po 

—  «  0.528.  Pressure  ratios  greater  than  the  critical  value  will  not 
P1 

theoretically  produce  an  increase  in  mass  flew  through  the  plate. 

Two  perforated  plates  were  tested  at  Mach  Humbert  of  1.8,  2.8  and 
3.8.  The  plates  were  of  7*03  and  25.6  percent  porosities.  The  tests  ware 
conducted  at  plate  angles  of  attack  of  0,  1.0  and  2*3  degrees.  The  earl— 
angle  of  2.3  degrees  was  limited  by  the  mechanical  design. 
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The  data  art  presented  la  Figs.  12  through  15.  Additional  tasta 
wore  conducted,  hut  the  data  are  being  temporarily  withheld  fraa  publication 
until  further  testing  la  completed.  It  appeara  that  an  Increase  la  plate 
angle  of  attack  Improves  the  characteristics  of  the  plates,  the  larger  effect 
occurring  on  the  plate  with  the  greatest  porosity*  The  data  Indicate,  In 
general,  that  a  greater  pressure  -dr  op  ratio  Is  required  as  the  Much  lumber 
Is  Increased  for  a  given  nass  flow  scavenged  through  the  perforated  plate. 

These  tests  were  conducted  with  the  tunnel  eagpty  and  were  United 
In  scope;  It  Is  felt  that  additional  testing  Is  necessary  before ‘definite 
conclusions  can  be  reached. 

A  series  of  Schlleren  photographs  was  nude  with  a  ten-degree 
half -angle  two-dlnenslonal  wedge  In  the  wind  tunnel.  These  photographs 
were  nade  at  a  Mach  lumber  of  1.8  and  are  shewn  In  Fig.  16  with  the  Plate  2b 
Installed  In  the  bottom  wall  of  the  tunnel*  ^ 

Figure  16(a)  shows  the  shock  wave  configuration  over  the  plate  with 
no  sass  flow  being  scavenged  through  the  vacuua  system.  However,  It  appears 
that  even  withexit  artificial  pumping  (suction)  a  circulation  results  from 
the  pressure  difference  acroes  the  leading-edge  shock  wave.  It  is  believed 
that  the  higher  pressure  downstream  of  the  leading  edge  shock  wave  Induced 
a  flow  through  the  plate  which  seems  to  have  partially  cancelled  the  reflec¬ 
tion  at  the  perforated  wall;  however,  since  the  perforated  plate  extended 
upstream  of  the  point  at  which  the  leading-edge  wave  hit  the  wall,  the  air 
that  flowed  Into  the  plenum  chamber  (aft  of  the  wave)  was  discharged  Into 
the  wind  tunnel  ahead  of  the  leading-edge  wave  and  Induced  another  strong 
shock  wave.  This  wave  can  be  seen  emanating  from  the  bottom  wall  upstream 
of  the  point  at  which  the  leading  edge  shock  wave  struck  the  bottom  wall. 
Figure  16(b)  shows  the  effect  at  mar Imam  suction  through  the  perforated 
plate,  and  Fig.  16(c)  shows  the  effect  of  optimum  suction  through  the 
plate.  Optimum  suction  Is  defined  as  the  amount  which  produces  the  opti¬ 
mum  shock  cancellation  configuration.  Comparison  of  the  photographs, 
particularly  In  the  region  ahead  of  the  point  at  which  the  leading  edge 
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shook  wars  struck  the  hottosi  plate,  seeas  to  Indicate  that  the  opt  lam 
planus  chafer  pressure  asy  be  that  which  balances  the  test  Motion  pressure 
ahead  of  the  leading -edge  shock. 

There  was  no  suction  through  the  top  wall,  hence  the  shock  configura¬ 
tion  above  the  wedge  provides  a  direct  c caparison  for  the  perforated  wall 
effects.  The  heavy  lines  that  reseable  stream  lines  are  oil  streaks  result¬ 
ing  froa  the  oil  deposited  in  the  air  during  the  compression  prooess.  A 
filter  had  been  ordered  to  eliminate  this  problea  but  delivery  was  delayed 
because  of  labor  difficulties  at  the  factory. 

The  Reynolds  Rusher  of  the  free  stress  based  on  the  height  of  the 
test  section  was  in  the  order  of  1.5  z  10^  for  all  Mach  Rushers.  A  curve 
shoving  the  variation  of  Reynolds  Rusher  with  Mach  Rusher  for  several  values 
of  supply  pressure  Is  included  in  Jig.  17  •  The  two-inch  tunnel  normally 
operates  at  stagnation  temperatures  of  about  100°F.  A  sore  c caplets  de¬ 
scription  of  the  wind  tunnel  is  contained  in  Ref.  (3). 
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CONCLUSION  AND  RECOMMENDATIONS 

The  few  tests  conducted  up  to  the  time  this  report  was  written 

showed  clearly  that  shock  cancellation  at  higher  supersonic  velocities  is 
undoubtedly  possible  by  use  of  perforated  plates.  In  order  to  determine 
the  optimum  configurations  for  best  results  the  following  recommendations 
are  made  for  the  program  of  the  future  work: 

1.  Expansion  of  the  initiated  work  to  determine  optimum  perforated 
plate  configurations  to  minimize  shock  reflection  in  the  Mach 
number  range  from  1,8  to  3-8. 

2.  Continuation  of  the  investigation  of  wind  tunnel  flow  character¬ 
istics  of  a  perforated  wall  with  and  without  mass  flow  through 
the  wall.  The  following  variables  should  be  considered. 

a.  Hole  distribution  in  perforated  plates. 

b.  Plate  length  and  width, 

c.  Ratio  of  hole  diameter  to  plate  thickness. 

d.  Hole  inlet  configuration. 

e.  Hole  coverage  (blanketing) 

3.  Preliminary  determination  of  shock  cancellation  properties  of  the 
perforated  plates  by  use  of  a  suitable  two-dimensional  model. 
These  properties  will  be  measured  quantitatively  by  pressure 
taps  and  probes  and  qualitatively  by  Schlieren  photographs. 

U.  Detailed  analysis  of  the  variables  involved  in  defining  the 
shock  cancellation  properties  of  perforated  wind  tunnel  walls. 
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Speed  of  sound,  feet  per  second. 

Area,  square  feet. 

Aspect  Ratio  ■  c/t. 

Hole  diene  ter,  feet. 

Viscous  loss  coefficient,  Ap/q^  *  k(v  /v^)n. 

Viscous  loss  coefficient;  Ap/pQ  *  k'(Qp)n. * 

Mass  floe,  slugs  per  second. 

Mack  Hunter,  r/a. 

Characteristic  slope. 

Pressure,  pounds  per  square  foot. 

Static  pressure  differential  across  the  perforated  plate, 
p^  -  p 2,  pounds  per  square  foot. 

Dynaalc  pressure  ■  $  7pM^  ■  £  pr^,  pounds  per  square  foot. 
Volune  rate  of  floe,  cubic  feet  per  alnute. 

_  ...  .  __ .  p2t2A p  saas  flow  through  plate 


Flow  coefficient 


p*r*Av 


critical  aass  flow  through  plate 


Reynolds  Hasher,  pwi/p. 

Plate  thickness,  feet. 

Velocity,  feet  per  second. 
Weight  flew,  pounds  per  second. 
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WOHmpLAIPRE  (Continued) 

7  m  Specific  heat  ratio  ■  l.liOO  far  air. 

Q  «  Angle  of  characteristic  elope,  n  ■  tan  0. 

X  ■  Ratio  of  open  area  to  total  area  of  porous  plate,  A^/A. 

1 1  »  Viscosity,  pound -sec  per  square  foot, 

p  ■  Density,  slugs  per  cubic  foot. 

Subscripts 

o  «  Stilling  chamber  condition. 

1  ■  Tree  stream  condition  above  perforated  plate. 

2  «  Conditions  in  plenua  chaaber  beneath  perforated  plate. 

«  «  Tree  stream  condition  in  vlnd  tunnel. 

n  *  Aareal  component  to  plate, 
p  «  Defines  open  region  of  perforated  plate, 
ta  *  Test  section, 
cr  *  Critical. 

Superscripts 

*  *  Critical  condition,  M  »  1.0. 
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TABLE  I 

Description  of  Perforated.  Plates 
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Wind  Tunnel  Assembly  For  Perforated  Wall  Tests 
(Side  Wall  Removed) 
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Fig  4  -  Wind  Tunnel  Assembly  With  Perforated  Plate  Installed 

(Side  Wall  Removed) 
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Fig.  6 -Photograph  Of  Perforated  Plates  Showing 
Different  Perforated  Lengths 
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Fig.  7-  Photograph  Of  Flow  Measuring  Nozzles 


Fig.  8  -  Vacuum  Pump  Installation 
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Rate  Of  Flow  Displaced  By  Vacuum  Pumps ,  cfm 
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Fig.  9  -  Operational  Characteristics  0KL  _  UT 
Of  Vacuum  System  8&-Ae3w 
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Stilling  Chamber  Pressure,  pQ  -  35psia. 
Stagnation  Temperature,  TQ  -  /00*  F. 


Fig.  10- Variation  Of  Apj/q^  With  Mach  Number 
Effect  Of  Plenum  Chamber  Pressure 
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Stilling  Chamber  Pressure,  pQ  -  50psia. 
Stagnation  Temperature,  TQ  -  !0(f  F. 


Fig.  I  I  -  Variotion  Of  Ap/q^  With  Mach  Number 
Effect  Of  Plenum  Chamber  Pressure 
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Static  Pressure  Drop  Across  Plate 
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Static  Pressure  Drop  Across^  Plate 
Tree  Stream  ’Dynamic  "Pressure 


0.50 


CONFIDENTIAL 


Nominal  Free  Stream  Mach  Number  ~  1.8. 
Porosity  •  7.03%. 

Hole  Diameter  *  0.0595”. 

Plate  Thickness  -  0.063”. 
Perforated  Length  -  1.65”. 


0.0 /•— 
0.00! 


0002  0.004  0.006  Q008  OOtO  0.02 

vn  Average  Velocity^  Norma /  To  Plate 
*  Free  Stream  Velocity 


Symbol 

Plate  Angle  Of 
Attack  (Degrees) 

O 

0 

A 

1.0 

a 

2.3 

0.04 


OWL  —  UT 
OWG  AA  1496 
GCG  -  CLW 
3-22-55 


CONFIDENTIAL 
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Fig.  16  -Schlieren  Photographs  Of  Shock  Wove 
Configurations  At  Ei,  •  1.8,  Ten -Degree 
Holt- Angle  Two- Dimensional  Wedge 
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Moch  Number 


Fig.  17  -  Variation  Of  Reynolds  Number 
With  Mach  Number 
(Effect  Of  Supply  Pressure) 
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